Objective: High-frequency oscillations (HFOs) in intracerebral EEG (stereoelectroencephalography; SEEG) are considered as better biomarkers of epileptogenic tissues than spikes. How this can be applied at the patient level remains poorly understood. We investigated how well HFOs and spikes can predict epileptogenic regions with a large spatial sampling at the patient level. Methods: We analyzed non-REM sleep SEEG recordings sampled at 2,048Hz of 30 patients. Ripples (Rs; 80-250Hz), fast ripples (FRs; 250-500Hz), and spikes were automatically detected. Rates of these markers and several combinations-spikes co-occurring with HFOs or FRs and cross-rate (SpkHFO)-were compared to a quantified measure of the seizure onset zone (SOZ) by performing a receiver operating characteristic analysis for each patient individually. We used a Wilcoxon signed-rank test corrected for false-discovery rate to assess whether a marker was better than the others for predicting the SOZ. Results: A total of 2,930 channels was analyzed (median of 100 channels per patient). The HFOs or any of its variants were not statistically better than spikes. Only one feature, the cross-rate, was better than all the other markers. Moreover, fast ripples, even though very specific, were not delineating all epileptogenic tissues. Interpretation: At the patient level, the performance of HFOs is weakened by the presence of strong physiological HFO generators. Fast ripples are not sensitive enough to be the unique biomarker of epileptogenicity. Nevertheless, combining HFOs and spikes using our proposed measure-the cross-rate-is a better strategy than using only one marker.
D
uring presurgical examination of patients with drugresistant epilepsies, clinicians face the difficult task of defining the epileptogenic zone (EZ), that is, the subset of brain regions involved in generating seizures. [1] [2] [3] The ictal period is the privileged moment to delineate the EZ based on the regions involved at seizure onset. However, the non-negligible rate of failure in epilepsy surgery 4 has led to search for other electrophysiological criteria to delineate the EZ. On the one hand, methods have been proposed to better quantify cerebral activity at the onset of the seizure. 5, 6 On the other hand, renewed interest has been given to the interictal period in order to find putative biomarkers of epileptogenicity. For the past decade, research on electrophysiological biomarkers has been fueled by the discovery of interictal high-frequency oscillations (HFOs; 80-500Hz). 7, 8 These brief and small oscillations visible on intracranial EEG are considered strongly bound to the seizure onset zone (SOZ) 9, 10 and to correlate with surgical outcome. [11] [12] [13] They are regarded as being more focal and specific than classical epileptic spikes (Spk). 9, 11, 14 Indeed, interictal spikes are only partially concordant with the EZ, often found outside the EZ and thus lack specificity. 15 However, not all HFOs are pathological. Even though fast ripples (FRs; 250-500Hz) seem to be always pathological, 16 ripples (Rs; 80-250Hz) are involved in physiological processes such as memory consolidation in the hippocampus. 17, 18 Most previous studies have drawn conclusions about HFOs at the group level. Indeed, the HFO rate is higher inside than outside the EZ when analyzing an entire group of patients, but this cannot be readily verified at the patient level because of the heterogeneity of patients (eg, type of epilepsy, implantation sites, and age) and to the presence of physiological HFO generators. It is therefore relevant to confront HFOs and spikes not only in epileptogenic areas, but also in remote areas to better describe the extent of the zones defined by each marker, at the patient level. Because visual marking of HFOs is tedious, time-consuming, and results in a low inter-rater agreement, 16, 19 most articles comparing HFOs and spikes have studied few channels per patient. With the emergence of automated HFO detectors, the number of studied channels per patient increased, but, because existing detectors were not designed to detect both HFOs and spikes, information about spikes were lost. 10, 20, 21 We designed the present study to investigate the spatial extent of each marker at the individual patient level. We analyzed 30 patients with large spatial sampling from intracerebral stereoelectroencephalography (SEEG) electrodes (median number of contacts studied by patient was 100.5) and various types of focal epilepsies. We estimated the EZ using a quantitative method (Epileptogenicity Index [EI] 5 and applied an automatic detection technique for both HFOs and spikes 22, 23 on all channels. We computed several interictal markers (spikes; gamma oscillations , HFOs [80-500Hz], Rs , and FRs [250-500Hz]; HFOs co-occurring with spikes, FRs cooccurring with spikes, and SpkHFO). We then compared the performance of these interictal markers to delineate the EZ at the individual patient level.
Patients and Methods

Patient Selection
We studied all consecutive patients who had underwent SEEG exploration at 2,048Hz. Recordings were performed between May 2014 and January 2017, during presurgical evaluation of drug-resistant epilepsy. Before SEEG, a detailed evaluation was performed for each patient, including medical history, neurological examination, neuropsychological assessment, scalp EEG recording, cerebral magnetic resonance imaging (MRI), and positron emission tomography. As part of patients' usual clinical care, SEEG was carried out after the noninvasive phase. Recordings were performed using intracerebral macroelectrodes (10-15 contacts; length of the contact, 2mm; diameter, 0.8mm; 1.5mm apart) placed according to Talairach's stereotactic method.
Because we aimed at comparing the fast oscillations and the spikes to the EZ, we selected patients fulfilling the following criteria: spontaneous seizures recorded with well-defined seizure onset, and without major artifact on the interictal recording (ie, without high-frequency noise nor saturation). Ten patients did not fulfill these criteria and were discarded; 30 patients were thus included for the rest of the study. From these patients, 10 were operated upon, 6 are awaiting surgery or surgical decision, and the others (14) were contraindicated (because of EZ overlapping with functional areas, too wide, or multifocal). Therefore, the surgical outcome is available for only 10 patients. This relatively low number of patients operated on is in line with a recent study. 24 The Table   provides clinical information about the selected patients. Brain surface meshes were made with Freesurfer. 25 The electrode segmentation was done on a home-made software, GARDEL (Medina et al, submitted). The institutional review board of the French Institute of Health (IRB15226) approved this study, and patient consent was obtained.
Recording Methods
Signals were acquired on a 128-channel Deltamed system. Ictal period sampling rates ranged from 256Hz up to 2,048Hz. The interictal sections were recorded during the night at a sampling frequency of 2,048Hz, at least 48 hours after the day of implantation. All recordings were low-pass filtered at one third of their sampling frequency. We selected 5 minutes of non-REM sleep at stage N2 or N3 for detecting HFOs and spikes. N2 and N3 stages were defined by two neurologists (F.P., I.L.) as sleep periods with clear presence of spindles or slow waves. This 5-minute duration was shown to be sufficient to study HFO and spike rates even though these rates may vary over time. 26 The analysis was performed in a bipolar montage.
Mesial and Lesional Contact Localization
Contacts in each selected brain area were labeled by two neurologists (F.P., S.L.). We particularly focused on regions in the mesial temporal lobe (amygdala [Am], hippocampus [Hip] , and mesial temporal pole). The classification was done using a computed tomography scan obtained directly after SEEG implantation and an MRI obtained before implantation. Images were coregistered to the same space. The same procedure was used to label contacts in the lesion in patients with malformation of cortical development (MCD), neurodevelopmental tumors (NDTs), hippocampus sclerosis (HS), or scar.
Quantification of the SOZ
Several seizures were studied for each patient. The SOZ was visually defined by two expert neurophysiologists (F.B., F.P.) for each seizure. It was defined as the group of channels that were involved at seizure onset for at least one seizure. We also calculated on each seizure the Epileptogenicity Index (EI), 5 a semiautomatic procedure that aims at quantifying the SOZ. The EI ranks brain structures according to the tonicity of the fastdischarge and the delay of involvement of the structure at seizure onset (Fig 1A) . Its values range from 0 to 1, with 1 corresponding to the most epileptogenic region. The EI method was shown to be relevant to quantify the epileptogenicity of brain structures. 27, 28 Electrode TP' explored the temporal pole; TB' was placed in the temporo-basal area (lateral contacts) and in the entorhinal cortex (mesial contacts); electrodes A 0 , B 0 , and GPH' targeted the amygdala, hippocampus, and parahippocampal gyrus, respectively (mesial contacts), and recorded the middle temporal gyrus as well (lateral contacts). The apostrophe indicates the left hemisphere. The channels highlighted correspond to the channels exhibiting an Epileptogenicity Index (EI) value above 0.25. These channels form the Epileptogenicity Index Zone (EIZ) of the patient, which is an estimation of the Epileptogenic Zone. (B) Example of an interictal fast ripple riding an epileptic spike detected by Delphos. From top to bottom, the panels display the raw signal, whitened signal, and normalized time-frequency image. The circle represents a detected oscillation (here, a fast ripple) and the triangle a detected spike. (C-G) Mapping of the different biomarkers in the patient's brain surface. The sphere color and diameter correspond to either the Epileptogenicity Index or the normalized rate of the marker (ranging from 0 to 1). One can see that each marker seems to delineate the EIZ. The irritative zone is broad, but the channels with the highest spike rate correspond well to the EIZ (TP', TB', A 0 , and B 0 inner contacts). The HFO rate and FR rate seem to indicate more the amygdala and the hippocampus, but have a lower rate in TP' and TB'. SpkHFO seems to be the best compromise in terms of extent and precision. FR 5 fast ripple; HFO 5 high-frequency oscillation; SEEG 5 stereoelectroencephalography. [Color figure can be viewed at www.annalsofneurology.org] current study is different from the one of L€ uders: "the minimum amount of cortex that must be resected (inactivated or completely disconnected) to produce seizure freedom." 33 We used the Bancaud and Talairach view on the EZ, which is the site of the beginning and of the primary organization of the seizure [1] [2] [3] (independently of the potential surgery). Notably, both definitions are theoretical given that the minimum amount is not known for the former and the outcome is not available for the latter (the localization of the EZ is less certain, but it permits, however, to study contraindicated patients).
Automated Detection
HFOs and spikes were automatically detected in AnyWave using Delphos (Detector of ElectroPhysiological Oscillations and Spikes). 22 Delphos was designed to solve the "false-ripple" issue attributed to filtering artifacts 34 and to optimize the signal-to-noise ratio at each frequency. It does so by detecting events of interest above a threshold in the Z H0 normalized time-frequency (TF) image 22 and by measuring the time width and frequency spread of the detected islands ( Fig 1B) . The algorithm classifies the detections as "oscillation" or "spike" according to the two aforementioned measures. Moreover, this method allows us to detect events occurring simultaneously and to give a frequency label to the detected oscillations. This detector was tested against a benchmark of realistic simulations. These simulations were obtained by inserting visually marked HFOs and spikes from 3 patients (from the current pool) into the simulated background of their respective brain region (for more details, see Methods of Roehri et al 23 . This allowed us to study the performance of the detection knowing the true occurrence of the HFOs and test the variability across different brain areas. Delphos showed constant high precision, that is, the detections were almost always correct, and the highest sensitivity compared to the four other detectors from the Ripplelab Toolbox. 35 Delphos showed less imbalance toward a class of HFO compared to the other detectors, that is, it detects similarly well Rs and FRs, and robustness across brain regions and across variations in brain activities. These characteristics enabled us to study oscillations in the Gamma (c), HFO, R, and FR bands as well as spikes. Moreover, we could study HFO or FR superimposed on spikes. Two events were defined as co-occurring if their detection times were separated by less than 100ms. For each channel, we computed the rate per minute for every marker. We studied eight markers: spikes, gamma oscillations, HFO, R, FR, spike co-occurring with HFOs (Spk-HFO), or with FRs (Spk-FR), and a combination of spikes and HFOs (SpkHFO). SpkHFO corresponds to the geometrical mean of the spike and HFO rate obtained by calculating the square root of the product of the two rates; Spk HFO5 ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi spike rate3HFO rate p . This measure permits us to explore another approach of combining the two markers, less restrictive than the co-occurrence. Before and after the detector was run, we visually verified for muscle artifact and high-frequency noise and removed these sections if necessary.
Statistical Analysis
Statistical analyses were applied to assess how well the rates of the different markers can delineate the EIZ for each patient. The receiver operating characteristic (ROC) framework 36 aims at computing the performance of binary classifiers ("EIZ" vs "no EIZ" based on event rates) across a range of thresholds. The ROC curve is obtained by plotting the sensitivity (Sens), that is, the proportion of correctly labeled epileptic channels, as a function of the specificity (Spe), that is, the proportion of correctly labeled nonepileptic channels. To generate the ROC curve, we compared the EIZ to the rates of the different markers at several thresholds. First, we calculated the ROC curve on the entire group of patients to represent the global behavior of the markers compared to epileptic regions. Plotting this curve reveals whether the markers span the whole ROC space, or if there is a plateau indicating a lack of specificity or sensitivity. Drawing further conclusions about their performance using this curve would be misleading 36 ; a measure of variance (based on the patient) is needed to compare the markers. We studied their performance for each patient individually to determine whether a given marker was in general better than the others. We chose to study the ROC curve between 85% and 100% of specificity. As a global performance measure, the partial area under the curve of this ROC curve (pAUC) was used. The pAUC is especially useful when one can assume that the curves could cross 37 (spikes are said to be more sensitive than specific and inversely for the HFOs) and because the proportion of epileptic channels in our study is quite low compared to "normal" channels (298 of 2,930). 36 This is also justified in a clinical perspective, because it is more important to minimize the number of wrongly labeled normal channels (false positives). We divided the pAUC value by the maximum possible area (Sens max 3 (1 -Spe min ) 5 1 3 0.15 5 0.15) to have an index ranging from 0 to 1. Normally, the area under the curve (AUC) of chance level is 0.5; here, it is 0.15 2 /(2 3 0.15) 5 0.075 after normalization (considering the partial curve). Figure 2 illustrates the definition and transform of the pAUC. This thus yields one pAUC for each patient and each marker. We applied a Wilcoxon signed-rank test (which is a paired test) to the pAUC of all pairs of markers across patients and corrected for multiple comparisons (false discovery rate [FDR] 38 below 0.05 corrected for 28 comparisons). Because these statistics approximate normal distribution for number of samples above 15, the p values were transformed into z-values to capture the two-tailed test. In other words, a test is significant if jzj 2.63 after correction. Second, we investigated the rates of some markers in mesial structures and lesions at the group and patient level. We studied channels inside the hippocampus (Hip), amygdala (Am), and lesions (Les; all three are known to exhibit high rate of HFOs and spikes), and compared them to the rest of the channels, which corresponds to all the contacts that were not inside the aforementioned regions (Oth). For the group-level analysis, statistical significance was assessed by computing a Bonferroni corrected Mann-Whitney U test (p < 0.05 corrected for 24 comparisons). The total number of analyzed channels was 2,930 with a median number per patient of 100.5 (IQ, 89-109). From these channels, 298 were inside the EIZ. The median percentage per patient of channels inside both the EIZ and the SOZ was 48.5% (32.1-60%). The median percentage per patient of channels with spikes outside the EIZ was 77.9% (69.4-83.3%); for the HFOs, it was 63.4% (48.8-74.3%); for the FRs, it was 13.7% (9.78-18.5%); and for channels outside the EIZ with HFO and Spk, it was 60.7% (43.1-69.4%).
Results
Patients' Characteristics
The first question was to determine whether the rates of the markers differed between inside and outside the Epileptogenic Index Zone (EIZ and NEIZ). The rates of spikes, ripples, and fast ripples were all significantly higher (***) inside the EIZ than outside when taking all channels (Fig 3) . Similarly, the rates were higher (**) in the hippocampus inside the EIZ than in the hippocampus outside the EIZ. The rest of the channels (Oth), which were not in Hip, Am, nor Les, also showed higher rates inside than outside the EIZ (***). This was also the case for the fast ripple rate in the Am (*) and the Les (**), but not for the spike and ripple rates.
The second test aims at showing whether the rates in the Hip, Am, and Les outside the EIZ are different from the rates inside the EIZ in the other regions (Oth). Only two tests were significant (¤¤¤), that is, the ripple rate in the amygdalae outside the EIZ and the spike rates in the lesion outside the EIZ (here the median was higher in the NEIZ lesion than in the rest of the epileptogenic regions). The fact that the ripple rate can be statistically significant between the Am (NEIZ) and the Oth (EIZ), but not between the Am (NEIZ) and the Am (EIZ), is likely because the variance of the rate in the Oth (EIZ) is smaller given that there are many more channels in the Oth (EIZ) than in the Am (EIZ).
Markers vs EIZ at Group Level
In this section, we evaluated how the markers globally behave in term of sensitivity and specificity when taking the whole group of patients (Fig 4) . The combinations of spikes and HFOs have higher sensitivity for specificity below 90% and perform better globally (higher AUC; Fig 4A,B,D) . FR and Spk-FR have higher sensitivity at higher specificity (95%; Fig 4C) . The ROC curve (Fig 4E) clearly shows a plateau for the FRs and Spk-FRs; this means that these events were not present in 35% and 45% of the epileptic channels respectively. A similar plateau can be observed for the Spk-HFO at 90% of sensitivity. Figure 5 shows examples of different results. Patient 22 is a concordant case in whom each marker points to the orbitofrontal gyrus, in agreement with the EI values. For patient 11, the interictal markers only partially describe the EIZ. The spikes miss the inner contacts of PFG', but are present in both the hippocampus (B') and temporobasal electrode (TB'). The ripple rate is highest in the regions of the occipital and parietal lobe (CU' and PA', respectively). The fast ripples are only present in the amygdala (A') and are not observed in the electrode exploring the lesion (L'). SpkHFO is low in the PFG' electrode and still keeps a relative high value in the CU', but is negligible in TB' and PA'. For patient 3, spikes and ripples globally map the EIZ, but are present in the hippocampus (B) electrode and the amygdala (A), respectively. Fast ripples are only detected in the dysplasia (DYS). SpkHFO delineates well the EIZ by combining the ripple and spike map.
Markers vs EIZ at Patient Level
Here, the investigation concerns the comparison of the markers within each patient. ROC curves were drawn for each patient individually between 85% and 100% of specificity, and we calculated the pAUC (Fig 6A) . The box corresponding to the FRs and Spk-FR are the lowest. Only SpkHFO stands out from other measures. The result of the statistical paired test (Fig 6B) indicates that FIGURE 3: Boxplots of the rate inside the EIZ or outside (NEIZ) in the whole brain and in specific structures. The spike rate, ripple (R) rate, and fast ripple (FR) rate are given in the first, second, and last line, respectively. The first to the fifth column correspond to the rate in the whole brain (All), hippocampi (Hip), amygdalae (Am), lesions (Les), and in the rest of the brain excluding the previous regions (Oth). Two statistical tests were applied. The first one tested the difference in the rate inside the EIZ compared to the NEIZ within each group (eg, All, Hip, and Am) for each marker. The asterisk (*) shows the differences that were statistically significant after correction for 24 comparisons (*corrected p value £ 0.05; **p £ 0.01; ***p £ 0.001; NS: p > 0.05). The second test investigates the differences between the rate outside the EIZ in the Hip, Am, and Les compared to the rate inside the EIZ in the other regions (Other). This symbol, ¤, shows the differences that were statistically significant after correction for 24 comparisons ( ¤ corrected p value £ 0.05; ¤¤ p £ 0.01; ¤¤¤ p £ 0.001; NS: p > 0.05). The rate in the EIZ is higher than in the NEIZ in the whole brain and within each group for every marker except for the ripple and spike rate in the Am and Les. There are almost no statistical differences between the rate in the NEIZ of the Hip, Am, and Les and the rate inside the EIZ in the rest of the brain. The spike rate is higher in the NEIZ of the Les compared to the spike rate in the EIZ in Oth, and the ripple rate is lower in the NEIZ of the Am compared to the ripple rate in the EIZ in Oth. EIZ 5 Epileptogenicity Index Zone; NEIZ 5 no EIZ; NS 5 not significant. [Color figure can be viewed at www.annalsofneurology.org] there is no statistical evidence showing that spikes, gamma oscillations, HFOs, Rs, and Spk-HFO are generally different from one another. All markers are, however, better than the FRs and Spk-FR except gamma oscillations. One marker is better than all the others: SpkHFO (illustrated by the complete light line with asterisks; p < 0.05 after FDR correction). Figure 7 gives a visual description of the results of the statistical test. Note that the pAUC at chance level is 0.075. One can see that the performance of SpkHFO is globally above the performances of the other markers for each patient. When SpkHFO does not perform best for a patient, it is at least in the three first best markers. Note the variable performances of spikes and HFOs; spikes perform better than HFOs for some patients (1, 3, 4, 6-9, 11, 16, 18, 21-28, and 30) and, for some others, HFOs perform better (2, 5, 10, 12-15, 17, 19, 20, and 29). All these results were similar when changing the threshold of the EIZ (0.2-0.3) and the minimum specificity (80-90%; Supplementary Table 1) .
Discussion
HFOs Are Not Better Than Spikes
The main result of this study is the absence of statistical evidence showing that HFOs or its variants (R, FR, Spk-HFO, and Spk-FR) are globally better than epileptic spikes to delineate the EIZ for every patient. Regarding Figure 7 , for some patients, HFOs are better than spikes, whereas spikes are better than HFOs for others. This explains the absence of statistical evidence. In previous articles studying HFOs, little spatial information was available about the extent of the HFO zone. 10 In this study, we emphasized the spatial investigation of the zone mapped by each marker by studying every channel available without a priori selection. The variable performance of HFOs and spikes is most likely attributed to the detection of physiological ripples in some regions and to the large distribution of the spikes (Figs 3 and 5) , respectively. It was possible to differentiate epileptogenic areas from nonepileptogenic ones at the group level; this is even possible at the sublobar level for hippocampi and amygdalae (Fig 3) . It is, however, more difficult, already at the group level, to separate epileptogenic structures in other regions (Oth) from nonepileptogenic temporomesial structures and lesions (Fig 3) . We focused on the ripple band to investigate the impact of physiological HFOs. We defined ripples outside the EIZ as physiological ripples. This type of ripple occurred more frequently in some regions, such as the occipital lobes or the mesial temporal regions. Four patients (4, 8, 11, and 28) were explored in the occipital lobe, which was diagnosed as nonepileptogenic after SEEG. For these patients, spikes were better predictors than ripples. Alkawadri et al 18 showed that the rate of physiological ripples was high in the occipital region. In our study, the threshold had to be high enough to overcome the high rate of physiological ripples in order to achieve high specificity, which resulted in lower sensitivity. Our patients, however, did not have many spikes within occipital lobes (Fig 5) . We also found high rates , we decided to represent the normalized value of the square root of the rate divided by the maximum value for each patient and each marker. For the first case (patient 22), every marker points toward the orbitofrontal gyrus (OR'). The markers are discordant for the 2 other cases. For patient 11, the spikes are frequent in the hippocampus (B') and in the temporo-basal area (TB'), which are not in the EIZ. They are, however, few in PFG' belonging to the EIZ. Similarly, the ripple rate is high in the inner contacts of CU' and PA', which are outside the EIZ. The fast ripples are only present in the amygdala. The SpkHFO values are similar to one of the spikes, but do not manage to completely remove the impact of the CU' electrode. The effects of PA' and TB' are, however, reduced. In that case, SpkHFO is better than the HFOs, but slightly less good than the spikes (Fig 7) . For patient 3, the ripple and spike values are similar to the EI values. The spikes are, however, present in the electrode B, but not the ripples; the ripples are present in the amygdala whereas the spikes are absent from this structure. SpkHFO is better than both the ripples and spikes (Fig 7) thanks to the complementarity of the HFOs and spikes. The fast ripples are mainly in the DYS. EIZ 5 Epileptogenicity Index Zone; HFO 5 high-frequency oscillation. [Color figure can be viewed at www.annalsofneurology.org] of ripples in hippocampi that were not epileptogenic. The hippocampus is known to produce physiological ripples. 17, 39 Addressing the issue of physiological and pathological ripples in order to identify the epileptogenic zone cannot be solved by looking at the overall rate of ripples, especially when regions being known as generators of physiological ripples, such as the occipital region and the hippocampus, are being recorded. Spikes also exhibit a high rate in the hippocampi, amygdalae, and lesions, and therefore the same conclusion could be made. We did not find any relationship with the localization of the SOZ (see Table) explaining the variable performance of spikes and HFOs. When ripples perform better than spikes for a given patient in terms of predicting the EIZ, it is because the spike rate in the NEIZ is too high compared to the rate in the EIZ, whereas in these channels the ripple rate is not necessarily higher in the NEIZ than in the EIZ, and inversely for spikes overcoming ripples (Figs (5 and 6), and 7). A rule that could be drawn with these results is that tissues are unlikely to belong to the EIZ if they produce a high rate of only one of the two markers. This translates to SpkHFO and not Spk 1 HFO. By multiplying the two rates, we highlight the channels exhibiting a high rate of both markers and attenuate those with few or none of at least one marker. Spk-HFO (HFOs occurring together with spikes) is also a combination of the two markers, but it is more constrained because both events have to occur together within a short time window and is therefore less sensitive. We acknowledge that detecting HFOs superimposed on spikes is challenging, especially when these events overlap both in time and frequency, 40 which could require further developments such as spike removal. 41 We showed in a previous study 23 that Delphos was sensitive enough to have a good estimation of the rate of spikes co-occurring with HFOs. We thus believe that the low performance cannot only be explained by this lower detection sensitivity, but more by the fact that spikes without HFOs and HFOs without spikes can be pathological. Concerning the gamma oscillations, they were the only marker that was not statistically better than the FR. Note, however, that the rate of gamma was the best predictor in three patients (4, 7, and 9) . Combining the three markers may be a possible perspective.
Low Sensitivity of FRs and Spk-FR
We found that fast ripples lack sensitivity in delineating the EIZ. In our study, FRs and Spk-FR were very specific markers, given that they were found only in around 14% of channels outside the EIZ whereas the HFOs and spikes were found in more than 50%. The median rate of the FR and Spk-FR outside the EIZ is null (Fig 3) . They, however, do not perform well under the pAUC criterion. This poor performance seems to go against previous publications. 9, 13 In one work, 9 FR and Spk-FR had the best sensitivity compared to spikes, R, and spikes co-occuring with ripples at 95% of specificity at the group level (12 patients). Interestingly, this is also what we found (Fig 4C) . The fact that this occurs at exactly the same specificity (95%) may be a coincidence because the ratio between epileptogenic and nonepileptogenic channels is different in the two studies. This conclusion highly depends on the value of studied specificities ( Fig  4A,B) . If 90% or 85% specificity had rather been chosen, the Spk-HFO and SpkHFO would have had higher sensitivity than FRs and Spk-FR. This strengthens our choice of using the pAUC as the performance criterion instead of sensitivity for a given specificity. The plateau observed in Figure 4E (when analyzing the whole group of patients) could be explained by the fact that FRs rarely occur in neocortical epilepsies. 9, 10 Jacobs et al found that at 95% specificity, spikes were better predictors for neocortical epilepsies (for two thirds of the patients). This, however, does not explain the poor performance at the patient level because we would expect the FR class to achieve high performances for some patients and poor for some others (Figs 6 and 7) . We did not find any statistical evidence when comparing the performance of FRs in neocortical against mesiotemporal epilepsies. Because we studied only the performance at high specificities, the low boxplots show the poor global sensitivity. FRs thus describe only a subset of the EIZ. In a recent study, 13 the lack of sensitivity of FRs was assumed to be related to the insufficient spatial sampling of deep structures attributed to the recording modality (electrocorticography). We believe that FRs do not occur in all epileptogenic tissues, in line with another SEEG study 42 Figure 5 also describe the low sensitivity of the FRs, which are only observed in one part of the EIZ. We would like to emphasize that such conclusions can only be made if the detection procedure is not biased by the variation in activity across brain structures and if it detects equally precisely Rs and FRs. We showed that most of the detectors were biased because the impact of the power spectrum was neglected or because the estimation of the background activity was not robust. 23 Delphos was the only method to overcome both issues whithin our proposed benchmark. Therefore, the present study shows that it is highly likely that FRs do not occur in all epileptogenic regions. This highlights the limitation of focusing only on FRs when including pathological Rs should be more appropriate. This, however, begs the question of how to distinguish physiological from pathological ripples.
Physiological HFOs
To better predict the EZ, some teams have proposed to distinguish physiological from pathological HFOs by studying their relationship with spikes, 9,45 slow waves, 42 or spindles. 46 Although promising, none of these approaches has so far succeeded in fully separating them.
Other teams have suggested to separate them by clustering HFOs based on features such as frequency, duration, and amplitude. 47, 48 The former study managed to differentiate pathological HFOs from normal task-induced HFOs. This segregation remains to be validated on spontaneous HFOs such as those encountered in the current study. The latter found that some features were higher inside than outside the SOZ (ie, amplitude and duration), but the difference was small. In the current study, we investigated the potential of a multimarker analysis rather than directly separating physiological from pathological HFOs. The question of whether pathological HFOs are better than spikes remains open.
Limitations
In the analyzed cohort, only 10 patients underwent resective surgery. This is certainly a limitation of our study, and more patients with outcome should be investigated to validate our observations. However, studying only patients who underwent surgery may lead to erroneous conclusions. Indeed, the resected area may not be exclusively composed of the epileptic zone. The outcome solely defines the sensitivity of the resection and not its specificity. Moreover, surgery is not proposed to every implanted patient, and this would entail a clear selection bias. Future studies should apply statistical analysis that considers outcomes and resective zones along with the putative EZ to include patients who did not undergo surgery.
To estimate the EZ, we used the EI; our results are relative to the EIZ and may not generalize to other means of estimating the EZ. We set the threshold at 0.25 in order to have a correspondence of approximately 50% between the EIZ and the SOZ. The classical threshold as defined in the original study 5 is 0.3, but this was determined in TLE patients; the heterogeneity of our patients may explain this slight decrease. However, the Supplementary Table shows that neither the change in the EI threshold nor the modification of the minimum specificity affect the main findings and the performance of the SpkHFO. It is unkown whether the 5-minute duration chosen here may be suboptimal to map the interictal activities; this is still an active area of research. Although a given duration might be advantageous for one marker, it might, on the other hand, be detrimental for another because of nonstationarity of the signal.
The bipolar montage could possibly hinder HFO visibility. 49 This montage is, however, the standard one for studying seizures in a clinical setting. It seems unlikely that two macro-contacts record the same small HFO generator yielding a destructive interference. Nevertheless, macro-electrodes have a wider spatial resolution compared to micro-electrodes; the resulting background activity could cover HFOs. Only hybrid micro-macro electrodes, recording the same activity at two different scales, could help resolve this question. The contacts near the gray-white matter interface may be an issue given that they may be more sensitive to ictal discharge and spikes than HFOs and thus bias the performance of the markers. This is a complex question that needs further investigation.
Conclusion and Future Perspectives
This study investigates the reliability of different interictal biomarkers in predicting the epileptogenic zone. HFOs do not seem to delineate epileptogenic areas better than epileptic spikes, both at the group and patient level. Ripples suffer from physiological counterparts and spikes from less pathological counterparts (possibly propagated spikes). FRs seem to be specific to the epileptogenic zone, but does not fully describe it; they cannot be considered as a unique biomarker of epileptogenicity, they are only the tip of the iceberg. A promising path is to combine biomarkers. Combining spikes with HFOs by multiplying the two rates (SpkHFO) improve the prediction of the epileptogenic zone with respect to biomarkers considered separately. Tissues are unlikely to be epileptogenic if they produce a high rate of either spikes or HFOs. The performance of SpkHFO is, however, not optimal for every patient. This means that combining markers may only be a first step in improving the delineation of the epileptogenic zone. Future studies should focus on how to better combine markers (eg, with the use of machine learning techniques) and on other markers (eg, slow-wave, low-frequency oscillations). Considering the low sensitivity of the FRs, future works should also investigate whether this is related to factors such as brain region, pattern of seizure discharge, epilepsy etiology, recording techniques (macro-vs microelectrodes), montage (bipolar vs referential), 16 or suboptimal recording duration.
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